Recent advances in cancer treatment with checkpoint blockade of receptors such as CTLA-4 and PD-1 have demonstrated that combinations of agents with complementary immunomodulatory effects have the potential to enhance antitumor activity as compared to single agents. We investigated the efficacy of immune-modulatory interleukin-21 (IL-21) combined with checkpoint blockade in several syngeneic mouse tumor models. After tumor establishment, mice were administered recombinant mouse IL-21 (mIL-21) alone or in combination with blocking monoclonal antibodies against mouse PD-1 or CTLA-4. In contrast to monotherapy, IL-21 enhanced antitumor activity of mCTLA-4 mAb in four models and anti-PD-1 mAb in two models, with evidence of synergy for one or both of the combination treatments in the EMT-6 and MC38 models. The enhanced efficacy was associated with increased intratumoral CD8C T cell infiltrates, CD8C T cell proliferation, and increased effector memory T cells, along with decreased frequency of central memory CD8C T cells. In vivo depletion of CD8C T cells abolished the antitumor activities observed for both combination and monotherapy treatments, further supporting a beneficial role for CD8C T cells. In all studies, the combination therapies were well tolerated. These results support the hypothesis that the combination of recombinant human IL-21 with CTLA-4 or PD-1 monoclonal antibodies could lead to improved outcomes in cancer patients.
Introduction
Tumor progression depends, in part, on the interaction of tumor cells with the tumor microenvironment. Tumor immune infiltrates are composed of multiple cell types, some of which antagonize antitumor immune responses. Effector T cells are often present but unable to eliminate tumor cells due to antagonism by myeloid-derived suppressor cells and T regulatory (Treg) cells as well as tumor-enforced inhibitory mechanisms. Because there are multiple mechanisms of immune suppression operating in the tumor microenvironment, therapy with a combination of immunomodulatory agents is emerging as an attractive option in the management of cancer. One such approach that has been clinically validated is co-blockade with monoclonal antibodies (mAbs) of the key regulatory receptors CTLA-4 (cytotoxic T lymphocyte antigen 4; CD152) and PD-1 (programmed cell death-1; CD279), also known as "checkpoint inhibitors". 1, 2, 3 The addition of immunoregulatory cytokines, such as interleukin (IL) 2 (IL-2), IL-7, IL-12, and IL-21, is also being evaluated. 4 IL-21, a member of the common gamma chain cytokine family, is produced by activated CD4C T cells and natural killer T (NK-T) cells. 5 IL-21 stimulates expansion and increases cytotoxicity of CD8C T cells, enhances T cell-dependent B cell proliferation and antibody production, facilitates differentiation and activation of NK cells (including enhancement of NK cell-mediated antibody-dependent cellular cytotoxicity [ADCC]), and reduces Treg cells in tumors. [6] [7] [8] [9] [10] [11] In addition, IL-21 has been reported to be angiostatic. 12 Treatment with recombinant human IL-21 (rIL-21) has been shown to produce antitumor activity in nonclinical and clinical studies. 13, 14 Pharmacokinetics (PK) of rIL-21 are dose-dependent, and its estimated terminal half-life ranges between 1 and 4 hours in humans and cynomolgus monkeys. 15, 16, 17 Pharmacodynamic analyses of rIL-21-treated patients indicate that rIL-21 can activate multiple cell types and immune response pathways.
interaction with its ligands, CD80 and CD86, allows for CD28 costimulation and superior T cell activity. 19 The administration of CTLA-4 blocking mAbs to tumor-bearing mice promotes tumor growth delays and rejections. 3, 20 In clinical trials, ipilimumab, a human anti-human CTLA-4 mAb, has demonstrated significant enhancement of overall survival in melanoma patients as a monotherapy. 21 PD-1 is highly expressed on activated T and B cells. PD-1 ligands have been identified as programmed death-ligand 1 (PD-L1, also known as B7-H1 or CD274) and PD-L2 (also known as B7-DC or CD273). PD-L1 and PD-L2 have been shown to down-regulate T cell activation upon binding to PD-1. 22 Blockade of PD-1 suppresses its negative signal and amplifies T cell responses, and PD-1 blockade in the clinic (e.g., with nivolumab, antihuman PD-1 mAb) has elicited durable antitumor responses and long-term remissions in a subset of patients with a broad spectrum of cancers. 23 To test the concept that a combination of IL-21 administration and checkpoint blockade could enhance antitumor responses, we evaluated the efficacy of recombinant mouse IL-21 (mIL-21) and anti-mouse (m) CTLA-4 and -mPD-1 antibodies injected alone or in combination in syngeneic mouse tumor models.
Results

Subcutaneous EMT-6 model
When tested for antitumor activity in EMT-6 mammary carcinoma-bearing mice, mIL-21 and mCTLA-4 mAb monotherapies each had weak efficacy, while the combination resulted in synergistic activity, with 4 of the 8 mice exhibiting complete tumor regressions (CR) and 3 more of the 8 mice showing marked delays in tumor growth (Fig. 1A, C) . In contrast, treatment with mPD-1 mAb was ineffective in this model, and the mPD-1 mAb C mIL-21 combination treatment was no more effective than single agent mIL-21 in terms of delayed tumor growth (Fig. 1B, C) .
Subcutaneous and intravenous B16-F10 models
These IL-21/mAb combination treatments were also investigated for antitumor activity in both SC and IV versions of the B16-F10 melanoma model. As these tumors are poorly immunogenic and unresponsive to therapy in the absence of vaccination, we tested higher doses of mIL-21 and mAbs than those used in other models. Although not statistically significant, the combination of mIL-21 with mPD-1 mAb in B16-F10 SC tumor-bearing mice slightly delayed tumor growth and prolonged survival as compared to treatment with PBS control or monotherapies (Supplemental Figure 1B) . The mCTLA-4 mAb C mIL-21 combination treatment was as effective as the mPD-1 mAb C mIL-21 combination, but only in a few of the mice in each group (Supplemental Figure 1C) . Although none of the mice were tumor-free (CR) by the end of the study (day 39), treatments consisting of mIL-21 with either mCTLA-4 mAb or mPD-1 mAb resulted in smaller tumors in a subset of mice as compared to PBS control or monotherapies (Supplemental Figure 1C) .
The IV implantation of B16-F10 cells enabled evaluation of metastatic tumor growth as the tumor cells preferentially home to the lung. In this model, mice treated with a combination of mIL-21 with either mCTLA-4 mAb ( Fig. 2A) or mPD-1 mAb (Fig. 2B ) had significantly fewer lung metastases than mice administered PBS control (p < 0.001 and p < 0.01, respectively by one-way ANOVA) or mIL-21, mCTLA-4 mAb, or mPD-1 mAb alone, though none of the mice were rendered tumor-free in this aggressive model.
Subcutaneous MC38 model
In the MC38 colon carcinoma model, administration of mIL-21, mCTLA-4 mAb, or mPD-1 mAb as single agents to tumorbearing mice resulted in minimal antitumor activity (Fig. 3) . By contrast, 200 mg mIL-21 in combination with 200 mg mCTLA-4 mAb (Fig. 3A) , or 50 mg mIL-21 combined with 200 mg mPD-1 mAb (Fig. 3B ) resulted in statistically significant, synergistic antitumor activity as compared to single agents (p < 0.001 -0.05, Fig. 3 ). A higher dose (200 mg) of mIL-21 was initially tested in combination with mCTLA-4 mAb in this model, but was reduced to 50 mg in combination with mPD-1 mAb when it was evident that the combinations were effective.
Additional MC38 tumor studies were conducted with mIL-21 and mPD-1 mAb treatments to determine whether staggering the two treatments might influence the antitumor efficacy of the combination. Indeed, when mIL-21 was administered 4 days prior to mPD-1 mAb ('mIL-21 … mPD-1 mAb'), or the converse ('mPD-1 mAb … mIL-21'), the antitumor effects of the staggered combination were not as striking as when the two agents were administered together (Supplemental Figure 2) . Furthermore, concurrent treatments with mIL-21 and mPD-1 mAb were the most potent regimen, as evidenced by the highly significant differences in reduced tumor growth over time for the 'mIL-21 C mPD-1 mAb' group vs. the control group, vs. both monotherapy groups, and vs. the 'mIL-21…mPD-1 mAb' group (all p < 0.0001), and a more modestly significant difference vs. the 'mPD-1 mAb…mIL-21' group (p < 0.05). The next most efficacious treatment was 'mPD-1 mAb … mIL-21,' which showed a highly significant reduction in tumor growth over time vs. the mIgG control group (p < 0.001) and a more modest decrease in tumor growth over time vs. the monotherapy and 'mIL-21…PD-1 mAb' groups (p < 0.05). The 'mPD-1 mAb alone', 'mIL-21 alone', and 'mIL-21 … mPD-1 mAb' treatment groups tended to have some reductions in tumor growth over time but were not statistically different than the mIgG controltreated group. Kaplan-Meier survival curves for each group supported this rank order (Supplemental Figure 2B) .
To explore the mechanism(s) responsible for the observed antitumor activities, immunophenotyping was performed on tumor infiltrating lymphocytes (TILs) and tumors using flow cytometry and IHC, respectively. Flow cytometry analysis of TILs from MC38-implanted mice harvested on study day 13 revealed a significantly increased percentage of CD8C lymphocytes among CD45C cells in groups treated with either mPD-1 mAb or mCTLA-4 mAb in combination with mIL-21, as compared to control mice (Fig. 4A) . Treatment of MC38-implanted mice with either treatment of MC38-implanted mice with either of these combinations also significantly increased the proportion of proliferating (Ki67C) CD8C T cells with an effector memory (CD44CCD62 L-) phenotype in the tumor ( Fig. 4A and Fig. 5 ). IHC analyses of MC38 tumors harvested at this same time point indicated that CD8C cells cluster at the tumor periphery in the PBS and mIL-21 treated groups (Fig. 4B, C) , whereas mCTLA-4 mAb and mPD-1 mAb induce infiltration and dissemination of the CD8C cells throughout the tumor (Fig. 4D, F) , with mIL-21 addition to either mAb treatment enhancing this effect (Fig. 4E, G) . Combining mIL-21 with either mPD-1 mAb or mCTLA-4 mAb in the MC38 model modestly, though not statistically significantly, increased the percentage of effector memory T cells (T EM ; CD44CCD62 L-) and decreased the percentage of central memory T cells (T CM ; CD44CCD62 LC) in day 13 TIL, as compared to TILs in control or mIL-21-treated mice (Fig. 5 ). CD8C T CM were significantly reduced in all treatment groups versus the control group (Fig. 5B ).
Subcutaneous CT26 model
Treatment of CT26-tumor-bearing mice with mIL-21 alone or in combination with either mAb showed that the most efficacious treatment regimen was mIL-21 combined with mCTLA-4 mAb (Fig. 6) . Treatment with mPD-1 mAb-either with or without mIL-21-had no antitumor activity in this model ( Fig. 8B ; absence of mPD-1 mAb monotherapy activity is also reported in Ref. 3) .
On day 16 post-tumor cell implantation, TILs from mice implanted SC with CT26 tumor cells and treated with mIL-21 alone or in combination with mPD-1 mAb or mCTLA-4 mAb were characterized by flow cytometry (Fig. 7 and Supplemental Figure 3 ). There were no statistically significant differences among any of the treatment groups in the percentage of CD8C TILs (Fig. 7A ). CT26 tumors harvested from the mCTLA-4 mAb treatment group contained decreased percentages of CD4CCD25CFoxP3C (Treg) T cells compared to the other treatment groups, and this effect was significantly enhanced by the addition of mIL-21 ( Fig. 7B) , an observation consistent with the high degree of antitumor activity with this combination. CD335C (NK) cells slightly, though not significantly, increased in the mPD-1 mAb-treated groups, but decreased on day 16 in CT26-implanted mice administered mCTLA-4 mAb in combination with mIL-21 (Fig. 7C ). Groups treated with mCTLA-4 mAb C/¡ mIL-21 (the more efficacious treatments) had a reduced percentage of CD69C, among the CD4C, CD8C, and NK cells (data not shown), and an increased percentage of PD-1CCD69-(effector) CD8C T cells (Fig. 7D ). CD69 is a marker of early T and NK cell activation, and its expression can also be associated with chronically activated T cells and T cell exhaustion. 24 In addition, PD-1 expression levels, another marker of exhausted T cells, were decreased in CD8C, but not in CD4C, TILs from CTLA-4 mAb-treated mice (Supplemental Figure 3) . The mIL-21 C mCTLA-4 mAb combination treatment also yielded the highest CD8C T effector/Treg ratio in the TILs of any of the treatment groups ( Fig. 7E ), again consistent with the greatest antitumor activity observed. 25 Treg levels in the mPD-1 mAb treatment groups were relatively unchanged vs. the control group ( Fig. 7B and E), consistent with the lack of antitumor efficacy in the mPD-1 mAb-treated groups in the CT26 model (see Fig. 8B ).
Lymphocyte subset depletion experiments in MC38 and CT26 models
Cell subset depletion experiments in the MC38 and CT26 tumor models were conducted to investigate the contribution of lymphocyte subsets involved in mediating the antitumor activity induced by mCTLA-4 mAb, mPD-1 mAb, and mIL-21. CD8C T cells were shown to be critical for this activity as in vivo depletion of this cell subset abolished the antitumor effect of both mIL-21 C CTLA-4 mAb and mIL-21 C PD-1 mAb combination therapy, as well as each monotherapy, in both tumor models (Fig. 8) . However, there was no change in antitumor activity in NK cell-depleted mice given mIL-21 C mCTLA-4 mAb, and perhaps even a modest enhancement of the activity of mIL-21 C mPD-1 mAb in both models ( Fig. 8A and B, lower right hand panels). A more obvious enhancement of mIL-21 C mPD-1 mAb antitumor activity was observed in NK cell-depleted mice in the CT26 model (Fig. 8B , lower right hand panel), particularly notable since mPD-1 mAb, with or without mIL-21, does not typically demonstrate antitumor efficacy in the CT26 model (Fig. 8B , upper left hand panel; see also Ref. 3) .
In vivo CD4C cell depletion enhanced the antitumor efficacy of the mIL-21 C mCTLA-4 mAb and the mIL-21 C mPD-1 mAb combinations in the MC38 model ( 26-30 IL-21 has previously been shown to enhance the efficacy of a triple agonistic mAb combination (anti-DR5/anti-CD40/anti-CD137) in mouse models of advanced breast, renal, and colon carcinomas. 31 Antitumor efficacy has also been observed in a mouse model of neuroblastoma in which IL-21 was combined with an anti-CD4 mAb, 32 and a more recent publication reports synergistic antitumor efficacy of IL-21 and soluble PD-1 delivered by gene transfer in the H22 mouse hepatocellular carcinoma model. 33 Based on their complementary mechanisms of action, we hypothesized that the combination of mCTLA-4 mAb or mPD-1 mAb with mIL-21 could produce enhanced antitumor efficacy in mouse tumor models. In general, the efficacy of PD-1 mAb or CTLA-4 mAb in SC tumor models is not related to the tissue origin of the tumor as much as to the inherent immunogenicity of the tumor itself, which is why we chose to investigate the efficacy of combination treatment with mIL-21 in a relatively wide variety of tumor models. For instance, although MC38 and CT26 are both colorectal tumors responsive to multiple immunotherapies, they do display differential sensitivity to anti-PD-1 and anti-CTLA-4 (Figs. 3, 6 , 8, and Supplemental Figure 2 ). In a series of studies using 4 different tumor types (MC38, EMT-6, CT26, and B16-F10), both mCTLA-4 and mPD-1 mAb given concurrently with mIL-21 each elicited enhanced efficacy in 2 of the 4 models evaluated (MC38 and B16-F10) compared with the activity observed with each agent alone, while the combination of mIL-21 and mCTLA-4 mAb (but not mPD-1 mAb) also enhanced efficacy over monotherapy in the CT26 model (results summarized in Table 1 ). The inability of mIL-21 to promote antitumor activity with anti-mPD-1 mAb is perhaps a reflection of the lack of mPD-1 mAb activity in the CT26 model as a single agent and that mIL-21 is only able to enhance pre-existing T-cell responses. In the MC38 model, combinations of mCTLA-4 or mPD-1 mAbs with mIL-21 significantly boosted CD8C T cell recruitment into the tumors over PBS control (Fig. 4) , whereas no statistically significant enhancement of CD8C T cell infiltration was observed in the CT26 model with either combination (Fig. 7) . The reasons for the varying effects of mIL-21 on CD8C T cell infiltration in these two models are not clear.
In the EMT-6 model, mIL-21 and mCTLA-4 mAb monotherapy regimens each induced delayed tumor growth, while mPD-1 mAb monotherapy was ineffective (Fig. 1) . Synergistic antitumor efficacy was observed for mice treated with mIL-21 C mCTLA-4 mAb (Fig. 1A, C) . Combination treatment with mIL-21 and mPD-1 mAb did modestly enhance antitumor responses compared to mPD-1 mAb alone, though the differences between these groups in tumor growth over time were not statistically significant (Fig. 1B, C) .
Variably enhanced antitumor effects were observed with mIL-21 in combination with mCTLA-4 mAb or mPD-1 mAb in both the B16-F10 SC and IV metastasis tumor models. Greater efficacy was observed in the IV model, as evidenced by significantly decreased numbers of melanoma metastases in the lungs (Fig. 2) . The B16-F10 mouse melanoma models are difficult models in which to demonstrate efficacy of antitumor therapeutics as the tumors grow aggressively and are considered poorly immunogenic. In addition, demonstrating antitumor efficacy is more difficult when treatments are started after the establishment of tumors, as was done in all the studies described here. Mouse IL-21 has previously been shown to promote antitumor activity in the metastatic and solid tumor B16-F10 models, but only when dosed at a greater frequency (i.e., daily injections as compared to 3 times weekly, as in the studies reported here) and/or when treatment was initiated prior to tumor implantation. 34 Although the PK of mIL-21 has not yet been reported, it is likely to be similar to that of human rIL-21 and other cytokines, with a relatively short terminal half-life (e.g., < 4 h), although its pharmacodynamic effects are apparent for much longer. 15, 16, 17 It is certainly notable that, even with the dosing regimens and delayed treatment start used here, the combination of mIL-21 and mCTLA-4 mAb or mPD-1 mAb was able to significantly reduce the number of lung surface metastases in the IV B16-F10 model, and to modestly reduce tumor burden in a subset of treated mice in the SC B16-F10 model ( Fig. 2 and Supplemental Figure 1) .
Synergistic activity was observed in MC38 tumor-bearing mice treated with either mCTLA-4 mAb or mPD-1 mAb in (Fig. 5) . Moreover, the increased percentage of CD8C (though not the CD4C) T cells in TILs with this combination were also Ki67C (Fig. 4A) , consistent with the notion that the cells recruited to the tumor were actively proliferating. In addition to the antitumor efficacy reported here, we observed no increases in mortality, body weight changes, or clinical signs of toxicity in mice administered multiple doses of mIL-21 (up to 200 mg/mouse) as a single agent or in any combination with blocking antibodies (data not shown).
Our investigations (n D 2) of the effects of staggered doses of mIL-21 and the mPD-1 mAb in the MC38 model revealed that the timing of dosing is indeed important (Supplemental Figure 2 ; see also Ref.
3). Administration of mIL-21 prior to mPD-1 mAb tended to be less effective than treatment with mPD-1 mAb alone, whereas mIL-21 dosing could be delayed following mAb treatment and still induce moderate yet significant antitumor efficacy; the optimal schedule tested, however, was concurrent therapy of mIL-21 C mPD-1 mAb (Supplemental Figure 2 ). It is not clear why the mIL-21 followed by mPD-1 mAb tended to be less effective than mPD-1 mAb alone, though based on the results of the cell subset depletion experiments (Fig. 8) one possibility is that mIL-21 might induce at least a subset of "regulatory" NK cells that suppress mPD-1 mAb activity. Further experiments will be necessary to address this question.
Phenotypic analysis of TILs was also conducted with CT26 colon carcinomas ( Fig. 7 and Supplemental Figure 3) . The most efficacious treatment in this model was the combination of mIL-21 with mCTLA-4 mAb (Figs. 6 and 8B) . Analysis of TILs from this group at study day 16 revealed significant decreases in the percentages of Tregs (CD4CCD25CFoxP3C) and significant increases in the percentage of PD-1CCD69-CD8C T cells as compared to the control group (Fig. 7B, D) , each associated with properties promoting antitumor responses. The lack of significantly increased CD8C cells in the CTLA-4 mAb-treated groups in this CT26 model (Fig. 7A ) was somewhat surprising, given that CD8C T cells seem to play an important role in CT26 tumor rejection (Fig. 8B) , though the balance of CD8C Teff and Tregs appears likely to be more important for antitumor responses. The increased Teff/Treg ratio observed in the mCTLA-4 mAb-treated groups (Fig. 7E) , consistent with enhanced antitumor responses, may be due in part to depletion of Tregs and expansion of Teffs. 26, 35 Treg depletion via ADCC/ADCP may occur following treatment with mIL-21 and the CTLA-4 (9D9) mIgG2b mAb, which is a plausible mechanism of action for the mIL-21/mCTLA-4 mAb therapeutic combination. In addition, PD-1 expression by MFI was decreased on CD8C, but not on CD4C, T cells in TILs from CT26 groups treated with mCTLA-4 mAb relative to controls (Supplemental Figure 3) . As high levels of PD-1 expression are associated with T cell exhaustion, 22 the lower PD-1 levels on CD8C T cells suggests that CTLA-4 mAb is antagonizing CD8C T cell exhaustion. The observed decrease in Tregs (Fig. 7B) is consistent with the known immunoregulatory properties of anti-CTLA-4. 25, 36 Mice treated with mCTLA-4 mAb C/¡ mIL-21 also had an increased percentage of PD-1CCD69-(effector) CD8C T cells (Fig. 7D) , suggesting an enhanced effector phenotype for CD8C T cells, as well as reduced T cell exhaustion, mediate the antitumor activity. 24, 37 No significant differences were observed between groups in macrophage or dendritic cell populations, as interrogated by CD11b and CD11c staining (data not shown).
Collectively, our analyses of TILs in both the MC38 and CT26 models imply that depleting the intratumoral Tregs, amplifying the CD8C effector T cell response, and/or reversing the exhausted T cell phenotype are the primary mechanisms of enhanced antitumor efficacy of the mIL-21 C mCTLA-4 mAb combination treatment in these tumor models.
Further supporting a role of CD8C T cells in the greater antitumor activity observed with the combination therapies, in vivo cell depletion studies indicated that the loss of CD8C T cells was particularly detrimental, abolishing this antitumor activity. Somewhat surprisingly, given IL-21's known enhancement of NK cell activity, including augmentation of NK IFNg production, [38] [39] [40] there was little change in antitumor activity in MC38-bearing NK cell-depleted mice treated with mIL-21 C mCTLA-4 mAb (Fig. 8A) . Moreover, NK cell depletion resulted in perhaps even a modest enhancement of the activity of mIL-21 C mPD-1 mAb in both the MC38 and CT26 models (Fig. 8) . This might reflect negative NK cell regulation of antitumor T cell responses, perhaps by a subset of the NK cells. This hypothesis is further supported by the observation that CD335C NK cells tended to be slightly increased (Fig. 7C) in the mPD-1 mAb-treated mice (where antitumor activity was lacking), but decreased in CT26-implanted mice treated effectively ( Fig. 6 ) with mCTLA-4 mAb alone or in combination with mIL-21. A more detailed analysis of the functional capacity of the TIL NK cells in the CT26 model will be needed to resolve this issue.
In summary, the combination of mIL-21 with mCTLA-4 or mPD-1 mAbs was well tolerated and resulted in enhanced antitumor activity in several mouse tumor models. Enhanced efficacy with the addition of mIL-21 was observed in models where mCTLA-4 mAb or mPD-1 mAb alone produced minimal antitumor activity (B16-F10), as well as in models where the mAbs were somewhat efficacious when given as single agents (EMT-6, MC38, and CT26). Since expression of CTLA-4 and PD-1 appear individually and jointly on multiple T cell subsets with differing levels and kinetics of expression in different settings and tumor models, observed differences in mechanisms of antitumor immunity of various immunotherapeutic agents are not yet completely understood. Multiple mechanisms likely underlie the enhanced antitumor responses observed with the mIL-21/ mPD-1 mAb/mCTLA-4 mAb combinations, including loss of intratumoral Tregs, possibly via IL-21 effects previously reported to enhance ADCC (IL-21 can upregulate the expression of CD16, co-stimulate the secretion of IFNg, and increase the expression of granzyme and perforins 41 ). Other mechanisms of enhanced antitumor activity of the IL-21/mAb combinations likely include increases in the numbers and function of intratumoral CD8C effector T cells (Figs. 4 and 7) and reversal of the exhausted T cell phenotype (Supplemental Figure 3) .
It is becoming increasingly clear that the response of different types of tumors to checkpoint blockade is more closely associated with their inherent immunogenicity (i.e., mutational burden or dominant neoantigens) than with the tissue of tumor origin. 42 For example, CTLA-4 and PD-1 blockade are ineffective in the B16 mouse melanoma tumor model (Supplemental Figure 1 ), yet have demonstrated activity in human melanoma. Combined CTLA-4 and PD-1 checkpoint blockade has only been effective in a subset of syngeneic tumor models, and nonresponsive models may require additional therapies such as vaccines or radiation to turn a "cold" tumor "hot" and elicit tumor-reactive T cells. 43, 44 Human cancers that are not responsive to anti-PD-1 and/or anti-CTLA-4 may require additional immune modulation, such as rIL-21, if patients are to be converted to durable responders. Chapuis et al. recently demonstrated that adoptive cellular therapy with polyclonal antigenspecific cytotoxic T lymphocytes (CTL) primed ex vivo with IL-21 and then combined with CTLA-4 blockade induced longterm remission in a melanoma patient who had previously been resistant to both monoclonal CTL and anti-CTLA-4. 45 Our results further support the hypothesis that the combinations of recombinant human IL-21 and CTLA-4 or PD-1 mAb could lead to improved outcomes in cancer patients.
Materials and methods
Reagents and cell lines
Recombinant mIL-21 was produced at Bristol-Myers Squibb (BMS), Seattle, WA, and was certified to contain <0.5 EU/mg endotoxin and be of >90% purity. Stock solutions were stored at ¡80
C and dosing solutions were prepared daily in phosphate buffered saline (PBS).
Monoclonal antibodies directed against mPD-1 (clone 4H2, chimeric rat anti-PD-1 engineered with a mouse IgG1) 46 and mCTLA-4 (clones 9D9/mouse IgG2b, and UC10-4F10/hamster IgG) 47 were produced and purified at BMS. Each was certified to have <0.5 EU/mg endotoxin and be of >95% purity. A nonspecific mouse IgG1 mAb was used as a negative control (MOPC-21; BE0083, BioXCell) for 4H2; PBS was used as a control for the 9D9 experiments. All dosing solutions were prepared in PBS and administered via intraperitoneal (IP) injections, as indicated in Table 2 . Specific dosing regimens and levels were chosen for the various studies based on the relative aggressiveness of the model, and experimental or established dosing regimens for mIL-21 and the specific antibodies used.
MC38 cells (obtained from Dr. James Allison, MD Anderson Cancer Center, TX) were grown in Dulbecco's Modified Eagle's Medium (DMEM; 10-013, Mediatech/Corning) supplemented with 10% heat-inactivated fetal bovine serum (FBS; SH3007, Hyclone) and glutamine Mediatech) .
EMT-6 mouse mammary carcinoma cells (obtained from Dr. Dietmar Siemann, University of Florida, Gainesville) were cultured in DMEM C GlutaMAX media (10566, Gibco) plus 10% FBS. B16-F10 cells (CRL-6475, ATCC) were cultured in RPMI 1640 media (SH30027, HyClone) supplemented with 10% FBS. CT26 cells (CRL-2639, ATCC) were cultured in RPMI 1640 media (SH30027, HyClone) supplemented with 10% FBS and GlutaMAX. All cell lines were harvested on the day of implantation with confirmed viability of >85%.
Mouse tumor models
Individual study details are outlined in Table 2 . C57BL/6N mice (Charles River Laboratories, Hollister, CA and Harlan Sprague-Dawley, Livermore, CA) were injected SC with 2 £ 10 6 MC38 tumor cells in 0.05 mL Hank's Balanced Salt Solution (HBSS; SH30030, HyClone), or for some experiments in 0.2 mL in PBS, on study day 1. On day 7 to 8, tumor volumes were determined, mice were randomized into study groups, and treatments were initiated. In separate studies, C57BL/6N mice were injected SC in the hind flank with 1 £ 10 5 B16-F10 cells, or were given the same number of cells IV via the tail vein on study day 1. The mice were randomized into groups on study day 5 or 6 and treatments initiated. BALB/cAnN mice (Harlan Sprague-Dawley, Frederick, MD) were injected SC with 1.5 £ 10 6 EMT-6 cells in 0.2 mL HBSS on day 1, then were randomized into groups and treatments initiated on day 7. For the CT26 model, BALB/cAnN mice were randomized into study groups and treatments initiated 8 days post-SC implantation of 1 £ Mice given B16-F10 tumor cells IV were anesthetized with isoflurane and euthanized by cervical dislocation 20 days posttumor cell injection. Lungs were harvested, inflated with PBS, and the number of surface metastases enumerated.
For in vivo lymphocyte depletion studies, hybridomas producing rat anti-mouse CD4 mAb (clone GK1.5; rat IgG2b) and rat anti-mouse CD8 mAb (clone 2.43; rat IgG2b) were purchased from ATCC and antibodies were produced and purified at BMS. Both anti-CD4 and anti-CD8 were dosed IP on days 3, 9, and 16 post-tumor implant. Anti-asialo GM1 (986-10001, Wako Pure Chemicals) was used to deplete NK cells; one vial of anti-asialo GM1 was diluted in 1 mL PBS and 25 mL were dosed IV on days 3, 9, 16 post-tumor implant.
The mice were free of common bacterial pathogens including Helicobacter sp., ecto-and endo-parasites, and tested negative for the following viruses: Sendai, PVM, MHV, MVM, Theiler, Reovirus 3, LCMV, Ectromelia, EDIM, MPV, K, Polyoma, mouse adenovirus, MCMV, and Hantavirus. Animals were kept on a 12:12 light cycle and housed on corn cob bedding (4B, Bed-o'Cobs, Andersons Lab Bedding) in ventilated microisolator cages (Lab Products) and provided deionized water and autoclaved rodent chow (Rodent Chow 5053, Purina Mills) ad libitum.
Ethical approval
All animal procedures were approved by BMS Institutional Animal Care and Use Committees and followed the guidelines set forth in the Guide for the Care and Use of Laboratory Animals (prepared by the Institute for Laboratory Animal Research).
Tumor infiltrate assessment CT26 tumors were harvested 5 days after the last treatment and minced with scalpels. Up to 300 mg of the minced tissue was placed in a C-tube (130-095-823, Miltenyi Biotec) containing 5 mL of PEB buffer (PBS, 0.5% bovine serum albumin, and 2 mM EDTA), and then homogenized using the Miltenyi gentleMACS TM on setting m_impTumor_01. The sample was then transferred to a 50 mL conical tube through a 40 mM filter (352340, Becton Dickinson/Falcon), and the filter was then rinsed with 5 mL PEB buffer. Tumor infiltrating lymphocytes (TILs) were analyzed by flow cytometry analyses using the following antibody reagents: anti-CD8a-PerCP-eFluor-710 (clone 53-6.7; 46-0081, eBioscience), anti-CD25-PE (clone PC61.5; 12-0251, eBioscience), anti-CD69-APC-Cy7 (clone H1.2F3; 104526, BioLegend), anti-FoxP3-APC (clone FJK-16s; 17-5773, eBioscience), anti-PD-1-APC (clone RMP1-30; 109112, BioLegend), anti-CD335-FITC (clone 29A1.4; 560756, Becton Dickinson), CD45-PECy7 (clone 30F11; 25-0451, eBioscience), CD44-PE (clone IM7; 12-0441, eBioscience), CD62L-FITC (clone MEL-14; 11-0621, eBioscience), and Ki67-FITC (clone SolA15; 11-5698, eBioscience).
Three days after the final treatment (study day 13), MC38 tumors were harvested into OCT compound (4583, Sakura Finetek), frozen in liquid nitrogen, and held at ¡80 C for immunohistochemistry (IHC) evaluation. Frozen tumors were cryosectioned at 6 mm, and sections were immunohistochemically stained for CD8 (using anti-CD8 mAb clone 53-6.7; 550281, BD Pharmingen). The slides were then evaluated by an ACVP board certified veterinary pathologist on a Nikon Eclipse E400 microscope equipped with a CRI camera (Model N-MSI-420-FL) using Nuance 2.4 acquisition-image processing software.
Statistical analysis
To evaluate for significant differences (p < 0.05) in means among groups for data represented at one time point (i.e., flow cytometry data and lung metastases counts), data were analyzed using 1-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test. To evaluate for significant differences between treatment groups over time (i.e., tumor growth plots), data were analyzed using 2-way repeated-measures ANOVA for 'treatment' effects. When data sets contained both CTLA-4 mAb and PD-1 mAb treatments, statistical analyses were performed for mono-and combination therapy CTLA-4 mAb-containing groups, and then separately for mono-and combination PD-1 mAb-containing groups; control and mIL-21 monotherapy groups were shared for each of these analysis sets. In this manner, the most relevant groups were analyzed for significant differences, while minimizing the repeated used of the control and mIL-21 monotherapy groups in the statistical analysis.
For each of the combination groups, synergy was evaluated by comparing the number of complete regressions (CR) that would be expected if the effects seen in the mAb alone and mIL-21 alone groups were additive, to the number of CR that were actually observed. Statistical significance was determined using a Chi-Square test with one degree of freedom. To evaluate synergy in the IV B16-F10 model, a linear regression model including terms for treatment with mIL-21, mCTLA-4, or mPD-1 mAb, and the interaction between mIL-21 and mCTLA-4 or mPD-1 mAb was fit to the number of lung metastases. 
